Improvised Explosive Devices have been the signature weapon in the recent conflicts in Iraq and Afghanistan. High-rate axial forces exerted by the vehicle floor to the lower limbs of occupants have been the cause of severe injuries. In order to gain a greater understanding of the mechanisms of these injuries so that countermeasures can be developed, one is required to know how the vehicle floor behaves; therefore, the purpose of this study was to characterise the behaviour of a vehicle floor surrogate to a range of explosive loads. Explosive loads between 1 and 6 kg TNT were detonated beneath a vehicle floor surrogate resulting in peak floor velocities between 5.8 and 80.5 m/s reached in a time between 0.10 and 3.13 ms. The data can now be used to (a) test numerical models of blast and its interaction with structures for validity, and (b) ensure that the velocity profiles replicated in a laboratory environment to understand human tolerance to injury are relevant to the blast process. These will ensure that preventive measures are developed based on realistic physical and numerical models of injury.
Introduction
The use of the improvised explosive device (IED) from insurgents against Coalition Troops and civilians has epitomised the recent conflicts in Iraq and Afghanistan. A significant number of injuries have been sustained by vehicle occupants during under-vehicle explosions in which the deformation of the floor of the vehicle subjected the lower limb to high-rate axial loading (Ramasamy et al., 2011c) .
The physics of blast have been described in more detail elsewhere (Freidlander, 1946; Ramasamy et al., 2011b) . Briefly, following detonation a shock wave propagates through the explosive instigating an almost instantaneous chemical reaction which produces hot, high-pressure gas that forms behind the detonation wave. This gas expands rapidly, and, if the explosive is buried, pushes material outwards from the surface, throwing soil ejecta up into the vehicle. There is an instantaneous sharp rise in pressure within the air surrounding the explosion, rapidly attaining its peak overpressure. Due to the inertial effect in air, overexpansion results in below ambient atmospheric pressures. On interaction with the vehicle the blast wave causes rapid deformation of the floor, causing axial loading to the lower limbs of occupants inside.
There are many factors that influence the behaviour of the floor during an under-vehicle explosion including vehicle design, size of explosive, depth of burial, and properties of the soil to name but a few (Ramasamy et al., 2011c) . Due to the highly dynamic and somewhat unpredictable loading environment it is unlikely that there are distinct levels of severities of velocities, accelerations or displacements that define the response of the floor to certain threats; however, it is important to have an understanding of the possible range of floor behaviours.
In order to understand lower limb injuries seen in under-vehicle explosions and quantify human tolerance to such an insult, traumatic injury simulators have been developed by a number of research groups (Bailey et al., 2013 (Bailey et al., , 2014 Masouros et al., 2013; McKay & Bir, 2008; Pandelani et al., 2010; Quenneville, 2010; Yoganandan et al., 2015) . These simulators aim to replicate the loading applied to the lower limbs of vehicle occupants by accelerating a mass to a target velocity or acceleration. Often, justifications for these target velocities or accelerations are anecdotal.
Scaled blast simulations have been carried out at the Test Rig for Occupant Safety Systems (TROSS™, developed by Industrieanlagen-Betriebsgesellschaft (IABG) in conjunction with WTD 91, Germany). TROSS TM is a surrogate vehicle floor test rig designed such that scaled blasts of 0.1 to 1 kg TNT (corresponding to full scale loads of 2-10 kg of TNT) can be detonated beneath an elastic, deformable membrane, bottom plate to replicate loads from a landmine detonation under a light armoured or logistic military vehicle. The rig is designed such that an anthropometric test device (ATD) can be seated with the feet resting on the bottom plate (North Atlantic Treaty Organisation HFM-090 TG 25, 2007) . The TROSS TM is capable of reproducing velocities up to 60 m/s, with peak velocities being reached within 2 ms. The results from tests performed using TROSS TM have been used to define input loading conditions for controlled laboratory experiments with cadavers or surrogates Horst and Simms, 2005; Manseau and Keown, 2005; Pandelani et al., 2010) ; the effect, however of the use of a small elastic deformable membrane plate rather than a fully intact steel plate similar to those found in military vehicles on the accuracy of the simulation is unknown.
Held (2009) investigated experimentally, both the global impulses of mines, as well as the bulging of vehicle floors caused by focused blasts. In the global impulse investigation, 5 kg cylindrical explosive charges (diameter to height ratio of 3:1) were detonated beneath momentum blocks positioned 500 mm above the ground. Three different charge positions were investigated; lying on the ground, level with the ground (flush buried) and buried 100 mm deep. The velocity of the momentum blocks during the explosive event was measured through analysis of two flash X-ray exposures (2 and 10 ms after detonation). Impulse density was calculated by dividing the momentum (velocity × mass) by the cross-sectional area of the momentum block. The greatest impulse density at the charge axis was seen when charges were lying on the ground, with the impulse density at the charge axis dropping by approximately 15 % when charges were buried flush with the surface and by 25 % when buried 100 mm deep. At radial distances greater than approximately 125 mm from the charge axis, a higher impulse density was seen when the charge was buried in comparison to lying on the ground, demonstrating the damping effect of sand on focused blast waves. To investigate the bulging of the vehicle floor an 8 kg cylindrical TNT-charge (diameter to height ratio of 3:1) was positioned in a steel pit, 500 mm below a 25 mm thick high-grade steel plate. The displacementtime characteristics were measured using a custom made device (Held, 2009 ). Approximately 0.16 ms after detonation the plate had deformed by 16 mm, reaching its maximum velocity of approximately 140 m/s. Interestingly, a linear increase in velocity was seen between 0.02 and 0.14 ms, suggesting a constant acceleration of approximately 100,000 g. While this study gives an insight into the behaviour of a plate when subjected to explosive loading, velocity was only measured at the centre of the plate using a low resolution measuring device. Additionally, the effect of charge size was not investigated and the consequence of using just a 25 mm thick steel plate rather than attempting to replicate a whole vehicle in terms of structure and mass on the overall behaviour is unknown.
Unfortunately, there is very little information in the public domain with regards to blast tests on military vehicles and therefore much of the work carried out in this area cannot be reviewed critically here. Results from a limited number of tests of this kind have been referred to by others (Table 1) and give an envelope of potential floor behaviours in an under-vehicle explosion. 
"full scale military vehicle blast test data were reviewed for a range of blast magnitudes…Review of this data revealed three distinct levels of impact severity"
An alternative to experimental characterisation is to simulate an under-vehicle explosion numerically. Williams and Fillion-Gourdeau (2002) developed a finite element model of a light armoured vehicle and simulated the detonation of a 6 kg mine buried 88.1 mm into the soil beneath the left inside edge of the middle wheel. This model predicted that the floor would reach approximately 27 m/s within 10 ms, unfortunately it was not compared against experimental data.
While a general idea of the expected behaviour of the floor during under-vehicle explosions can be obtained from the current literature, the limited number of experimental studies that detail methods, results and limitations means that it is difficult to justify the design characteristics of traumatic injury simulators or the validity of numerical efforts. Therefore, the aim of this work was to characterise the behaviour of the floor in an under-vehicle explosion to a range of threats.
Method
Tests were conducted using the Human Response Test Rig (HRTR) which consists of a blast capsule capable of being launched vertically by either a buried or free-in-air blast load (Figure 1) . The blast capsule's loading surface is a rectangular flat armoured steel plate (Weldox 700 E, SSAB, Stockholm, Sweden), 20 × 2500 × 2000 mm in dimensions, which is used as the vehicle-floor surrogate. The plate was bolted under a steel structure with a total of 60 bolts fixed at 150 mm intervals along the edge of the plate, consisting of a reinforced mild steel support (300 mm in height) and a mild steel compartment (2500 mm in height) such that there was an enclosed space above the plate. The structure was designed to weigh approximately 6000 kg in order to be representative of the mass of a medium size military vehicle. Four poles in each corner were used to guide the vehicle surrogate in the vertical direction. At the bottom of these poles a series of damping elements ensured that the capsule was not damaged when falling back towards the ground following a test. The distance of the armoured plate to the ground (otherwise known as standoff) was set at 750 mm in order to replicate a typical value seen in the larger vehicles. The test bed was circular in shape with a diameter of 4 m and depth of 4 m; it was filled with standard builders mix soil and was lined with sandbags and an impermeable membrane.
(a) (b) Figure 1 . Photographs of the (a) vehicle surrogate (b) the bolts securing the floor plate beneath the reinforced support
Charges of 1, 3 and 6 kg of TNT were used. The diameter to height ratio was 5:1, 3:1 and 3:1 for the 1, 3 and 6 kg charges, respectively. The detonation point was set at depth of 50 % of the explosive height. The charges were initiated axially from the top of the mine. The pentolite booster charge mass was 60, 80 and 80g for the 1, 3 and 6 kg charges, respectively and the booster orifice was cylindrical running through the middle of the charge with a diameter of 30mm. A total of 7 tests were carried out in the following sequence. Four tests were carried out with a 1 kg charge; 2 flush buried and 2 buried 50 mm beneath the surface. One 3 kg and two 6 kg tests were carried out, all of which were flush buried. Prior to each test the moisture, wet density and dry density of the soil were measured at depths of 150 and 300 mm beneath the rig using a moisture density gauge (3440A, Troxler, NC, USA). The soil was supplemented and raked prior to each test to ensure the surface was flat. The centre of the soil was marked using taught string so that the explosive could be positioned below the centre of the plate.
The behaviour of the floor during the explosions was measured using both accelerometers (350D02, PCB Piezotronics Depew, NY, USA) and Photonic Doppler Velocimetry (PDV). Accelerometers have been widely used to characterise the response of structures to blast loading (Boyd, 2000; Jacinto et al., 2001) . While PDV has become a standard velocity diagnostic within the shock-physics field (Holtkamp, 2007; Mercier et al., 2008) , there are no known instances of its use in experiments of this scale and low velocities. PDV, developed by Strand and Whitworth (2007) , emits narrowband light onto the target surface, when the surface accelerates the reflected light is Doppler shifted. In this study the laser source was producing 1550 nm light with a linewidth of approximately 1 MHz. The reflected, Doppler shifted light was then mixed with a reference source to convert the returned signal from ~1014 Hz to a measurable ~109 Hz. This interfered signal was measured using a high-bandwidth photodetector and recorded with a GHz bandwidth oscilloscope. A diagram of the PDV system used for these tests is shown in Figure 2 . Figure 2 . Diagram of the PDV system used for these tests All sensors were placed along a straight line in the middle of the plate running parallel to the two longest edges (Figure 3 ). Holes were drilled and tapped such that the accelerometers could be screwed into the plate. The accelerometers were positioned at 2 locations; 50 and 625 mm from the centre point of the plate. Collimating PDV probes (AC PhotonicsTM) were focused at 4 locations; the centre of the plate, and at 250, 500 and 750 mm from the centre. The PDV probes were fixed to a wooden frame which in turn was clamped to the top of the reinforced support such that the sensors were 250 mm above the plate at the beginning of the test. Retro-reflective tape was fixed to the floor plates to maximise the reflected PDV light. A tri-axial accelerometer (356A01, PCB Piezotronics Depew, NY, USA) was attached to the wooden frame to confirm that the frame did not move during the time that data was captured using the PDV system. All accelerometer data were recorded at a rate of 200 kHz using a PXIe acquisition system (National Instruments, Austin, TX, USA) which has a built in anti-aliasing filter. The PDV data were recorded using a Digital Phosphor Oscilloscope (DPO4104B, Tektronix, Beaverton, OR, USA) at 1 GS/s and a bandwidth of 5 GHz and processed using custom written MATLAB code (MathWorks, Natick, MA, USA) in order to obtain velocity-time traces. The processing technique involves a fast Fourier transform method using fixed time intervals resulting in a processed-data resolution of approximately 250 MHz. Data acquisition from all sensors was triggered from the detonation firing pulse such that the signals were synchronised. Acceleration data were filtered using a low-pass Butterworth filter with a cut off frequency of 4 kHz and then integrated in order to determine the velocity history. Permanent deformation was calculated by measuring the distance from the ground to the bottom of the plate using a laser distance meter (DISTOTM D8, Leica Geomsystems AG, Switzerland, resolution = ± 1 mm) after the rig had been set up for the next test and the soil beneath the plate had been levelled. 
Results
Instrumentation failures meant that PDV data was not obtained at any location for tests 1 and 6 (1 kg flush buried and 6 kg flush buried), and at the furthest location (650 mm from the centre) for test 4. Accelerometer data were not obtained for the location 625 mm from the centre in tests 1, 3 and 4. Analysis of the data recorded by the triaxial accelerometer attached to the wooden support showed that in the first 1.5 ms of all tests the wooden frame did not exceed a velocity of 0.06 m/s and within the first 4 ms the velocity did not exceed 0.5 m/s. As these values were within the noise of the velocity-time trace, the PDV data for the first 4 ms were deemed accurate. The average wet density of the soil measured prior to each test was 1688 ± 49 kg/m3 (mean ± 1 standard deviation) across all tests.
A comparison of the typical velocity-time graphs obtained by the PDV at the centre of the plate and by the accelerometer 50 mm from the centre of the plate in test 2 (1 kg, flush buried) is shown in Figure 4 . There is good agreement between the accelerometer and the PDV velocity-time data as the velocity rises, however the PDV measures a higher peak in this test. This was a trend seen in all tests.
Peak velocity and time to peak velocity values from all sensor locations and all tests are shown in Figure 5 . Peak velocity ranged from 5.8 to 80.5 m/s and time to peak velocity ranged from 0.10 to 3.13 ms. Figure 6 shows a comparison of velocity-time data recorded by the PDV sensor located at the centre of the plate between experiments with the charge flush buried and buried 50 mm deep. The peak velocity in the 50 mm buried tests was higher than that seen in the flush buried test however the time to peak was shorter.
A comparison of the PDV velocity-time data for 1, 3 and 6 kg flush buried experiments can be seen in Figure 7 . Peak velocity reduces and time to peak velocity increases the further away from the centre of the plate for all charge sizes. Peak velocity increases with charge size.
(a)
(c) Figure 7 . PDV velocity-time data for flush buried tests with (a) 1, (b) 3 and (c) 6 kg TNT charges
The errors involved in PDV use and analysis are discussed in (Dolan, 2010; Mercier et al., 2006) ; the variation in velocity seen in the PDV data is to be expected from the velocities and the geometry used. The advantage of using two distinct measuring systems allows comparison; in this case the PDV and accelerometer histories are consistent. 
Discussion
The results obtained from this set of experiments can provide a range of floor behaviours that might be expected during an under-vehicle explosion.
The peak velocity ranged from 5.8 to 80.5 m/s and time to peak velocity ranged from 0.10 to 3.13 ms. The results we obtained here cannot be compared directly with previous work in the literature. The values obtained by Held (2009), 140 m/s within 0.16 ms, are within the time to peak boundaries of this range but not within the peak velocity boundaries; however, Held (2009) used a larger charge size (8 compared to 6 kg), a lower standoff (500 compared to 750 mm) and a different material around the charge (a steel pit compared with lying flush on sand). The values predicted by the numerical model of Williams and Fillion-Gourdeau (2002) (27 m/s within 10 ms) were within the peak velocity boundaries but not within the time to peak velocity boundaries. There are a number of factors which may contribute to the longer time to peak velocity predicted by the numerical model; while their charge was similar in terms of size to the largest used in this study, it was buried by 88.1 mm compared to flush buried, it was not located directly beneath the centre of the floor of the vehicle and, since it was a model of an actual vehicle, the fixation points of the plate are different to those used in this study. The peak velocities used by traumatic injury simulators (Table 1) are within the lower bounds of the range seen in this study however, their time to peak velocities are longer than those seen here.
An important finding from these experiments is the difference that a small distance along the plate makes to the velocity-time trace measured. For example, the peak velocity was 31 % lower 250 mm from the centre of the plate in comparison to the centre of the plate in test 7 (6 kg, flush buried). In a typical seated posture the distance between the occupant's feet is approximately 250 mm. Therefore, the loading that the two legs of a single occupant experience in a single event may be substantially different and so result in significantly different severities of lower extremity injury; such injury profiles were seen in recent conflicts (Ramasamy et al., 2011a) .
A comparison of all of the flush buried tests showed that the relationship between peak velocity and charge size was linear at 0, 250 and 500 mm from the centre of the plate measured by the PDV (R 2 > 0.974). At the centre of the plate the gradient of charge size (kg)-peak velocity (m/s) was 12.6 reducing to 8.20 and 8.17 at distances of 250 and 500 mm from the centre of the plate, respectively, showing that the effect of charge size is greatest at the centre of the plate.
The peak velocity measured in the buried tests was higher (by approximately 35 %) than that measured in the flush tests. It is possible that this is due to the effects of a plug of soil being thrown against the plate in the buried tests, flush burying the explosive such that there is no soil plug means that most of the impulse is transmitted through the expanding gas, resulting in a significant decrease in impulse in comparison to the buried tests (Genson, 2006) . It should be noted that the effect of burying a charge may vary; for example, results obtained by Held (2009) showed that the impulse density (directly related to velocity) was 10 % greater at the charge axis in flush buried tests compared with those buried 100 mm beneath the surface. The effect is dependent on charge shape, the material in which it is buried and the geometry of the target.
There are a number of potential limitations to this study. A single floor plate was used for all of the tests. Less than 1 mm of permanent deformation was seen in tests 1-5 where the charge size was less than 3 kg, however, after the first 6 kg flush buried test (test 6), 15 mm of permanent deformation was measured and after the final 6 kg test (test 7) the plate permanently deformed a further 50 mm. While PDV data was not captured for test 6, accelerometer data was captured for both the first 6 kg test (test 6) and the repeat (test 7), the fact that these traces were similar gives us confidence that the permanent deformation of the plate had minimal effect on the dynamics measured in test 7. The diameter to height ratio for the 1 kg tests was different in comparison to the 3 and 6 kg tests (5:1 compared to 3:1), which may have affected the peak and time to peak velocity seen in the tests with this charge size. Reinecke et al. (2008) detonated 8 kg charges with diameter to height ratios of both 5:1 and 3:1 beneath a custom built impulse measurement rig. They found that increasing the diameter to height ratio from 3:1 to 5:1 increased the measured impulse by approximately 11%. Another limitation is that it is expected that there was some error in the positioning of the charge, in terms of it being directly beneath the centre of the plate and it being completely parallel to both the ground and the bottom of the plate. However, the similarities in the velocity-time traces recorded for the repeated tests gives confidence that the effect of these errors on the measured dynamic deformation of the floor plate were small.
When interpreting results from these experiments it must be kept in mind that the floor of a vehicle is not as simple in terms of dimensions as the steel plate used here. The irregular geometry of a vehicle floor may mean that the peak velocities do not simply fall away the further the distance from the centre of the plate since the irregular geometries may create areas of weakness that results in high peak velocities. Further experimental or numerical investigations would be necessary to understand these effects.
Conclusion
This study used both Photonic Doppler Velocimetry (PDV) and accelerometers to determine the dynamic response of the floor of a surrogate vehicle when exposed to detonation charges between 1 and 6 kg TNT from underneath. Peak velocity ranged from 5.8 to 80.5 m/s and time to peak velocity ranged from 0.10 to 3.13 ms. These data should be taken into consideration when designing vehicle protection and traumatic injury simulators that aim at replicating the loading transferred by the floor to occupants during under-vehicle explosions. Accurate simulation of dynamic response of the floor applied in laboratory studies are vital to enable a greater understanding of human response and human tolerance limits to injury that are relevant to blast-related loading.
